In this work we present an atlas of composite spectra of galaxies based on the data of the Sloan Digital Sky Survey Data Release 7 (SDSS DR7). Galaxies are classified by colour, nuclear activity and star-formation activity to calculate average spectra of high signal-to-noise ratio and resolution (S/N ≃ 132 − 4760 at ∆λ = 1Å), using an algorithm that is robust against outliers. Besides composite spectra, we also compute the first five principal components of the distributions in each galaxy class to characterize the nature of variations of individual spectra around the averages. The continua of the composite spectra are fitted with BC03 stellar population synthesis models to extend the wavelength coverage beyond the coverage of the SDSS spectrographs. Common derived parameters of the composites are also calculated: integrated colours in the most popular filter systems, line strength measurements, and continuum absorption indices (including Lick indices). These derived parameters are compared with the distributions of parameters of individual galaxies and it is shown on many examples that the composites of the atlas cover much of the parameter space spanned by SDSS galaxies. By co-adding thousands of spectra, a total integration time of several months can be reached, which results in extremely low noise composites. The variations in redshift not only allow for extending the spectral coverage bluewards to the original wavelength limit of the SDSS spectrographs, but also make higher spectral resolution achievable. The composite spectrum atlas is available online at http://www.vo.elte.hu/compositeatlas.
Introduction
With the advance of large scale spectroscopic surveys, spectrum stacking has become a widely-used technique in extragalactic astrophysics to derive composite spectra of high signal-to-noise ratios in order to enable the analysis of spectral features that are washed away by noise in single object observations. Recent work have concentrated on averaging and analysing single classes of celestial objects, for example luminous red galaxies [22] , high-redshift galaxies [2] , galaxies in clusters [20] , starforming galaxies with varying inclination [48] , or quasars [43] .
As the spectroscopic survey of the SDSS Legacy Surveys has finished, it is time to summarize the collected information. In this work, we focus on galaxies of various types, and present a comprehensive atlas of robustlyaveraged composite spectra and spectral principal components of galaxies classified by many criteria. We use the original observed spectra as they were reduced and published in SDSS DR7 [1] .
Overview of the classification
Galaxies are automatically classified following a revised classification scheme based on the work of Lee et al. [33] . In their work, galaxies were classified by colour, nuclear activity, star-formation activity and morphology.
We separate galaxies into three colour classes: red, green and blue, green refering to green valley galaxies as defined by Strateva et al. [40] . Furthermore, galaxies are classified by star formation activity and nuclear activity into six classes: passive, measured Hα emission, starforming, LINER and Seyfert galaxies; the sixth category is active galaxies with star-formation signatures hereafter denoted as AGN + Hii. Star-forming galaxies, LINERs and Seyferts are classified using the Baldwin-PhillipsTerlevich (BPT) diagnostic diagram [5] , and the segregation curves determined by Kewley et al. [31] , Kauffmann et al. [28] and Kewley et al. [32] . We omit morphological classification of the galaxies for reasons detailed in Sec. 3, where we also describe the classification scheme in detail.
Robust average and principal components
To compute the average spectra, we use the robust statistical method of Budavári et al. [15] . This method not only gives the robust average and variance of a large, streaming 1 set of data vectors (the spectra, in our case), but gives the first few principal components as well. Although we are primarily interested in the average spectra, the eigenspectra can help characterise the variations of objects within the subsets of the sample.
Principal Component Analysis (PCA or KarhunenLoève Transformation) has been widely used in astronomical spectrum analysis in the last two decades. The basic idea of PCA is to derive an orthogonal basis from multidimensional data where the basis vectors point to the directions of maximum variance of the original data vectors. It was demonstrated that PCA can be successfully applied to high-dimensional optical and UV galaxy spectra for classification purposes [17] . Real-life scenarios, when dealing with noisy and gappy data where certain spectral bins are masked out due to bad observations or other reasons, require more advanced techniques [18] . An application of this robust technique to SDSS spectra was performed for galaxies and quasars by Yip et al. [46, 47] . A novel robust algorithm was developed by Budavári et al. [15] which combines the robustness and gaphandling capability of the former methods with the ability to handle extraordinarily large datasets by performing the calculations iteratively. This new method significantly reduces the computational and memory requirements of the calculations and enables handling higher dimensional data (thus processing higher resolution spectra).
Use cases of the spectrum atlas
We would like to emphasize two use cases of this spectrum atlas. One of the keys to the success of templatebased photometric redshift estimators is the good set of spectral templates used to fit the broadband spectral energy distributions of observed galaxies. Spectral templates from models are often used, but they can miss some important features of real spectra. Also, models have to be highly consistent with the observations in terms of integrated colours. As an alternative to models, individual empirical spectra are used, but it is not easy to get a high S/N set of spectra that represents all types of galaxies. Our composites can provide a high S/N, reliable and representative template set for photo-z applications.
The other important use-case of our library is generating mock catalogues. We expand the individual galaxy spectra on the eigenbases of of the various galaxy classes to determine the so called eigencoefficients. The best fitting Gaussian curves to the distribution of these eigencoefficients are determined and the parameters of the Gaussian fits (m, σ) are published, along with the eigenspectra. By using these parameters of the distributions, linear combinations of the average composite spectra and eigenspectra can be easily constructed to further extend the parameter space coverage of the atlas.
Structure of the paper
In Sec. 2 we present the data we used for the analysis. In Sec. 3 we describe our classification scheme in detail. We present the details of the averaging method and the composite spectra in Sec. 4 , where we also discuss the performance and robustness of the averaging algorithm. In Sec. 5 we fit stellar population synthesis models to the composites and present colours, emission line measurements and Lick indices of them. By comparing the derived physical parameters with the parameter distributions of individual galaxies, we show that the composites of the atlas are representative to the whole SDSS galaxy ensemble. We summarize our work in Sec. 6.
The data
We analyse galaxy spectra from SDSS DR7 [1] as reduced by the spectro pipeline [39] , version 2.6. All spectra (including duplicate observations) are selected for analysis which were identified as galaxies by the spectro pipeline and have more than 3800 well-measured spectral bins.
Photometric data are taken from the SDSS DR7 "best" dataset as measured by the SDSS photo image reduction pipeline [39] .
K-corrections and absolute magnitudes are taken from the New York University Value-Added Galaxy Catalogue [9] . K-corrections are calculated for z = 0.1, absolute magnitudes are based on the concordance ΛCDM cosmological model with parameters of H 0 = 100 km s −1 , Ω M = 0.3 and Ω Λ = 0.7.
For line measurements of observed spectra, we use the MPA/JHU Value-Added Galaxy Catalogue [11, 29, 42] .
Where not otherwise noted, galaxy luminosities are quoted in Petrosian magnitudes. Wavelength values are expressed in vacuum throughout the paper.
Classification scheme
We base our galaxy classification scheme on the work of Lee et al. [33] , but define several additional classes as well. In the their scheme, galaxies were classified by morphology (early-type and late-type), colour (red and blue) and nuclear activity (passive, star-forming, LINER and Seyfert). We extend this scheme by classifying galaxies by the strength of the Hα emission (completely passive galaxies and those showing some nebular emission but not enough to classify them using the BPT diagram). We also introduce a transitional class between star-forming galaxies and active galactic nuclei (AGNs) based on the works by Kauffmann et al. [28] , Kewley et al. [31, 32] . Kauffmann et al. [28] termed this latter class 'composite'; we will refer to these galaxies as 'AGN + Hii' to avoid confusion with composite spectra. The colour classification is extended to treat green-valley galaxies separately. Volume-limited cuts are imposed on all subsamples as described in Sec. 3.3. For the most numerous galaxy classes, we also define further classes based on colour cuts in Sec. 3.4, and term these classes 'refined star-forming' or 'SF', and 'refined red' or 'RED'. The number of galaxies used to calculate the composites, the wavelength coverage and the estimated signal-to noise ratio are summarized in Tab. 1.
In contrast to Lee et al. [33] , we omit morphological classification of the galaxies for the following reasons. Morphological classification relies on the radial colour gradient of galaxies which was not measured perfectly by the SDSS photo pipeline for the whole spectro sample. Thus, galaxy classes defined by morphology would contain about 60 per cent fewer galaxies: only those with good radial colour gradient measurements. Using morphological information would reduce the number of the classified galaxies to a number that would not allow reaching the desired low noise level and resolution. Also, the size and magnitude dependent incompleteness of the morphological classification would introduce unwanted bias into the data set.
We further explain the classification criteria in detail in the following subsections.
Classification by colour
We organise the galaxies into three colour classes based on their redshifts and g − r colours. The three colour classes are the following:
• Red galaxies: Having primarily old stellar populations or galaxies with significant intrinsic extinction.
• Green galaxies: Those belonging to the green valley, thought to form the transitional region between active star-formation and passivity [4, 7, 40] .
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below the blue curve are classified as 'blue' and green galaxies lie inbetween the two. These curves were determined by fitting Gaussians to the distribution of galaxies by the g − r colour in bins of ∆z = 0.05 between 0.0 ≤ z ≤ 0.35. The dashed white line is the center of the red sequence, the solid red line is the 1.2σ envelope of it, and the blue line is at 3.5σ from the red sequence. To construct this plot, all galaxies were used independently of their apparent or absolute magnitudes. In Fig. 1 , colour curves are defined by the σ parameter of the fitted Gaussians as explained above. Since the photometric error increases with increasing redshift, it makes the scatter in the red sequence higher. This causes the colour curves to turn over around z ≃ 0.2 and be more restrictive for green-valley and blue galaxies, allowing more variance in the colour of red galaxies. Because of the relatively low number of observed greenvalley and blue galaxies at these redshifts, this would have no effect on the average composites, but more highredshift red galaxies could be used for the analysis. In the present analysis we set the redshift limits of the subsample volumes below z ≤ 0.17.
Classification by activity
Our classification scheme by star-formation and nuclear activity is based on the works by Kewley et al. [31] and Kauffmann et al. [28] . LINER/Seyfert separation follows Kewley et al. [32] . We define the following six classes based on activity:
• Passive galaxies: No measurable Hα emission.
• Hα measured: Hydrogen emission is measured, but other lines are not strong enough for classification.
• Star-forming galaxies: with clear star-formation signatures but no active nucleus.
• AGN + Hii galaxies: with AGN and extreme starburst signatures at the same time.
• LINER galaxies: pure LINER signatures [25] .
• Seyfert galaxies: pure Seyfert signatures.
In Fig. 2 we plot the BPT diagram of the galaxies in our sample. The segregation line (solid red curve) between star-forming galaxies (below the curve) and AGN (above the curve) is: The latter line separates pure AGN (above the curve) from AGN showing star-formation signatures (between the two curves). Fig. 3 shows the distribution of galaxies classified as AGN (without star-formation signatures). We apply the following cut to distinguish LINERs (below the line) from Seyfert galaxies (above the line): log 10 [ Although their number is negligible, we excluded galaxies with extreme values of line ratios, i.e those that are outside the limits of the plot in Fig. 2. 
Volume-limited samples
In order to avoid the Malmquist bias, we define redshift and absolute magnitude ranges for every galaxy class, trying to maximize the number counts of the volume limited samples.
Although setting restrictive constraints on the redshift and absolute magnitude reduces the wavelength coverage of the composites, it is necessary to get physically meaningful results. The spectroscopic targeting algorithms of SDSS [21, 39, 41] set the sharp faint-end r-band magnitude limit at 17.7 mag for the main galaxy sample. On the other hand, bright-end incompleteness is much less well controlled. One of the main reasons for this incompleteness is that nearby galaxies are too big in apparent diameter compared to the spectroscopic fibre diameter. We estimate the bright-end apparent r-band magnitude limit to be around of 13.5 when determining the volumes.
We set the volumes as plotted in Fig. 4 and summarized in Tab. 2. Definitions of redshift and r-band absolute magnitude M r cuts for every galaxy activity class. Density plot: square root of the galaxy density within the activity class; solid red line: faint-end magnitude limit corresponding to 17.77 mag, gray line: estimated bright-end magnitude limit corresponding to about 13.5 mag. The cuts were manually set to contain as many galaxies as possible considering the magnitude limits of the SDSS spectro sample. Table 2 : Redshift and absolute magnitude ranges for each galaxy activity class.
Effect of incomplete sampling
We note that the continua of average composite spectra are physical in the sense that they represent a nonnegative linear combination of real stellar populations. This makes it meaningful to fit composites with theoretical population synthesis models. However, incomplete sampling of galaxies for composite calculation has the effect of making the composites non-physical. While we consider spectral evolution negligible in the small redshift intervals we choose, care must be taken about the dependence of spectra on the absolute magnitude of the objects. For instance, choosing a lower redshift cut might enable extending the wavelength coverage of the composites redwards, but bright-end incompleteness would lead to the dominance of lower luminosity galaxies which (in case of blue galaxies, for example) tend to be bluer. This would result in a downturn of the composite spectrum as it can be seen in Fig. 5 .
Refined classification of blue and red galaxies
Template-based photometric redshift (photo-z) estimation algorithms (for a recent review, see Hildebrandt et al. [26] and references therein) rely on good quality empirical galaxy spectra or theoretical models to fit the broadband observations with; though certain techniques exist to improve the reliability of the models [14] . Most often, the problem with using theoretical models for photo-z is the mismatch between the colours calculated from the models and the colours of the observed galaxies. Also, photo-z techniques are usually based on a small number of templates in order to reduce computational complexity and to avoid spurious results due to fitting too many free parameters of the not-so-reliable models.
The most numerous galaxies (passive red ellipticals and star-forming blue spirals) show significant variations in their colours. Using only a few templates might cause the photo-z estimates to be coarse because the templates are unable to characterize this intrinsic colour variance of 7500 8000 8500 9000
Figure 5: The effect of incomplete sampling. Using low redshift spectra would allow extending the composites redwards but bright-end incompleteness causes the averaged spectrum to turn down at longer wavelength making the composite non-physical. Solid black line: composite spectrum calculated from an incomplete sample, dashed red line: best fit model. (Continuum fitting was done in the 3500 -9000Å range).
the objects. More reliable empirical templates, however, could be used to refine photometric redshift estimation. In order to address this issue, we further refine the most numerous galaxy classes by colour and calculate their composite spectra.
Blue galaxies
In the case of star-forming galaxies (mostly spirals and irregulars), the intrinsic colour variance is caused by many effects. Star-formation rate is primarily responsible for the restframe colours of galaxies, while dust content and inclination play an important role too [48] . Also, since fibre spectrographs with limited aperture only observe the central, redder region of the galaxies, the distance of the galaxies and their bulge-to-disc ratio is an important factor causing colour variations in small aperture magnitudes. We will denote these classes as 'SF' followed by a number.
Red galaxies
In the case of red galaxies (mostly ellipticals), the origin of the colour variation is mainly an evolutionary effect caused by their passively evolving old stellar populations (for a comprehensive review, see Renzini [37] and references therein); the effect of dust content on their optical colours is thought to be minimal. For the purposes of refined colour classification, we will use all galaxies of the former 'passive' and 'Hα measured' classes and denote these class as 'RED' followed by a number.
The refined colour classes
We define the refined colour classes based on the g − r colour distributions of star-forming and passive galaxies as plotted in Fig. 6 . The histograms of the distributions are fitted with Gaussians and the colour limits are defined at 0.5σ and 1.5σ distances from the mean. Altogether, five additional colour classes are defined, as listed in the following table:
Parameters m and σ denote the mean and standard deviation of the fitted distributions, respectively. The fitted parameters are summarised in the following 
Redshift distribution
The redshift distribution of the galaxies is plotted in Fig. 7 for every galaxy activity class in redshift bins of ∆z = 0.01. It is clear from the curves that all samples except red galaxies are flux-limited according to the spectroscopic targeting algorithm of SDSS in the investigated redshift range. The bright-end red galaxy sample is volume-limited to z = 0.35 [21] . Fig. 8 shows the same redshift distributions after applying the absolute magnitude cuts to get the volume-limited samples. Note that the requirement to select volume limited samples does not allow maximizing galaxy counts by freely choosing the used redshift intervals; absolute magnitude limits also have to be taken into account.
4 Composite spectra
Preprocessing
We selected spectra based on the criteria defined in Sec. 3 and preprocessed them before calculating the composites. First, all spectra were corrected for foreground Redshift distribution of the galaxies in each activity class before the absolute magnitude cuts. Colours represent the colour classes: red -red galaxies, green -green valley galaxies, blue -blue galaxies, and black -all galaxies regardless of their colours. The dashed vertical lines represent the redshift cuts, which are different for every activity class. : Redshift distribution of the galaxies in each activity class after the absolute magnitude cuts. Colours represent the colour classes: red -red galaxies, green -green valley galaxies, blue -blue galaxies, and black -all galaxies regardless of their colours. The dashed vertical lines represent the redshift cuts, which are different for each activity class.
galactic extinction using the dust map of Schlegel et al. [38] and the extinction curve from O'Donnell [35] . Second, spectra were normalised as described in Sec. 4.2. Third, spectra were converted to rest-frame and rebinned to a grid with the intended resolution (∆λ = 1.0, 0.5 or 0.25Å).
Normalisation
To derive meaningful composites, one has to normalise the galaxy spectra in a robust way. Normalising spectra at a given wavelength is not appropriate for noisy measurements, thus we use the following technique. We calculate the median flux in the 4200 − 4300Å, 4600 − 4800 A, 5400−5500Å, and 5600−5800Å wavelength intervals and use this value to scale spectra together. The wavelength intervals are chosen to be devoid of any strong emission lines. Spectra are re-scaled to have the median value of the flux in these intervals equal to one. We do not weight or otherwise scale the flux of the spectra based on the apparent or intrinsic luminosity of the objects or S/N of the observations. Although this could affect the signal to noise ratio of the composites negatively, the robust algorithm can successfully overcome this problem by automatically assigning lower weights to spectra with lower signal to noise values.
Robust algorithm
In order to take the significant noise and the varying signal to noise ratio of the original data set into account, we use the robust averaging method of Budavári et al. [15] to determine the average and variance spectra of the different galaxy classes. This algorithm not only computes the average and the variance iteratively by taking care of gaps in the measurements, but also yields the first few principal components of the spectrum distribution (see Sec. 4.5). We will detail the efficiency of the robust method with respect to ordinary average and median composite spectra in Sec. 4.6.
The composites calculated by the robust algorithm are plotted in Figs. 9-12 for each activity and colour class.
High resolution
Because composites are combined from many spectra at varying redshifts, it is possible to get a couple of factors higher resolution than the resolution of the original measurements. The average error in redshift measurement of the high signal-to-noise (S/N ≥ 30) galaxy spectra of SDSS is z err = 1.6 × 10 −4 , which allows room for oversampling the composites. On the other hand, oversampling can introduce noise compared to the almost noiseless composites at 1Å binning. This noise can become significant for sparsely populated galaxy classes such as the green valley galaxies.
Another important factor that counteracts the efforts to get higher resolution is the intrinsic broadening of the spectral features of the individual spectra due to the high velocity kinetics in the galaxies. To overcome this problem, deconvolution of the Doppler broadening kernel from the original measurements would be necessary. We do not address this issue in the current work. Fig. 13 shows the comparison of some spectral features of a galaxy composite with different oversampling (at the resolution of 1Å, 0.5Å, 0.25Å, and 0.1Å). Note how the line features become smoother with higher resolution. It is important, though, that oversampled spectra might not contain more information because the wide velocity dispersion washes out fine details.
Evidently, linear interpolation could not be used to get the higher resolution composites form lower resolution ones. Higher-order curves could be used for oversampling low resolution composites to get smooth line profiles, but they are likely to introduce artefacts. Our method of oversampling overcomes this problem.
Generating empirical mock catalogues using eigenspectra
Besides the robust average spectrum of every galaxy class, we also calculate the variance spectra. These can be used to determine the wavelength ranges with outstanding variance (usually the emission lines) and quantify the noise in each wavelength bin. The variance spectra are available on-line. However, if one is interested in the overall variance of the spectra (in contrast to the bin-by-bin variance) of a galaxy class, it is not enough to use the variance spectrum where bins are treated independently. In order to quantify the variance among the spectra of a certain galaxy class over the entire wavelength range, and take the covariance of the bins into account, the first few principal components (eigenspectra) have to be calculated. Fortunately, our robust averaging algorithm yields the eigenspectra as a "by-product" of the averaging. We calculate the first five eigenspectra of every galaxy class, and expand each measured spectrum on this basis. In most cases, the distribution of the expansion coefficients is very close to a Gaussian distribution centred on zero. We determine the standard deviation σ eig of the distribution of the eigencoefficients in each galaxy class. Then one can calculate the following spectra.
where
and F eig λ are the average and one of the eigenspectra, respectively. The coefficient k is a constant factor that can be varied to get slightly different spectra.
As an illustration, we plot F ± λ for the refined classes of red and blue galaxies in Fig. 14 . In case of the red galaxies, the first eigenspectrum clearly determines the colour of the galaxy; almost the entire variation in the overall slope of spectrum is picked up by the first principal component. In case of the star-forming galaxies, most of the variance is in the emission lines, so one has to use the second eigenvector to generate spectra with colour variations. As Fig. 14 shows, this technique can be successfully used to generate composites of any colour between the averages of the predefined classes. One drawback of the method is that adding higher order eigenspectra to the averages introduces some noise.
The importance of this technique is that it allows generating mock spectral libraries. By drawing the value of k of Eq. 1 from a normal distribution, the F ± λ spectra will be representative to the whole ensemble of SDSS galaxies. Eigenspectra of the various galaxy classes are published online along with the parameters (mean and σ) of the distributions of the expansion coefficients of individual observations on the eigenbases. By using these parameters, linear combinations of the average composite spectra and eigenspectra can be easily calculated to further extend the parameter space coverage of the presented atlas.
Performance of the robust method
To quantify the performance of the robust method, we compare the robustly averaged composites with normally averaged and median composites. Averaging is thought to result in composites that are physical in the sense that they are constructed as non-negative linear combinations of real stellar continua. Median, while it is robust against noise, differs from averaging because it treats the spectral bins independently and might yield non-physical continua. One disadvantage of averaging spectra it that emission line ratios are not guaranteed to be preserved, whereas Vanden Berk et al. [43] reported that taking the median spectra of quasars did not alter the emission line ratios. We will revisit the question of emission lines of average composites in Sec. 5.3. The main advantage of robust averaging over median calculation is that the former can be done iteratively, and there is no need to store and sort all the data in memory.
We plot the difference between the robust average and the non-robust composites in Fig. 15 and 16 (middle panels) . The robust composite and the number counts used to calculate the composites in each wavelength bin are also plotted for reference in the top and bottom panels, respectively.
Interestingly, for red galaxies, the median runs much closer to the robust average than the normal average, while in case of blue galaxies the differences are not as significant as in case of the red galaxies. Significant differences between the robust and non-robust composites are visible at very short and very long wavelengths, and also at emission lines. The differences between the continua are possibly due to the low number counts in those wavelength ranges. For low number counts, non-robust methods tend to become severely biased. The robust algorithm assigns lower weights to galaxies with extremely strong emission lines, which is considered to be the reason behind the large difference between the robust and non-robust methods in the emission line regions.
Composites on the map
In this section, we use standard techniques to estimate the stellar continua, emission line strengths, absorption line indices and physical parameters of the composites. We follow the methods described by Brinchmann et al. [11] , Kauffmann et al. [28, 29] and Tremonti et al. [42] . These techniques were developed and used by the the cited authors to compose the MPA/JHU value-added galaxy catalogue 2 of SDSS DR7. In this paper, we do not intend to make any conclusions about physical parameters of the galaxy samples based on the parameters derived from the composites. Our goal is simply to show that the composites calculated using our method cover much of the parameter space of the individual galaxies. To achieve this, we plot several standard diagrams widely used in the literature. These diagrams show the distributions of the parameters of in- 
Continuum model fits
The wavelength coverage of our empirically-derived high signal to noise composite spectra spans from about 3350 A to 9050Å. The actual coverage depends on the redshift cuts of the volume-limited samples of the galaxy classes; higher redshift samples allow extending the coverage blueward. In order to extend this limited coverage, we fit the composites with theoretical model spectra generated using the single stellar population (SSP) synthesis models of Bruzual & Charlot [13] . Three sets of models were generated with different metallicity values of Z = 0.008, 0.02, and 0.05. Each set contains 10 single burst models with ages of t = 0.005, 0.025, 0.100, 0.290, 0.640, 0.900, 1.4, 2.5, 5.0 and 11.0 Gyr based on the initial mass function (IMF) of Chabrier [16] and the evolutionary tracks 'Padova1994' [3, 10, 23, 24] . We use the non-negative least squares (NNLS) method to determine the best linear combination of models of different age (but same metallicity) to fit the composite spectra. To estimate the effect of intrinsic extinction by dust, we use the simple dust model of Bruzual & Charlot [13] , which is described by the following formula:
We let the value of the optical depth τ V vary while keeping the value of µ = 0.3 fixed. In this particular dust model, µ controls the ratio of the effect of extinction on stars older/younger than 10 Myr. We also keep the value of the velocity dispersion of the stars σ v a free parameter. For each composite, we repeat the fitting for each model set, and the metallicity of the best fitting model set is used.
To compute the synthetic magnitude of the composites in broadband filters where the wavelength coverage of the composites is not wide enough, we extend the empirical spectra with the best fitting models. We also use the same continuum fits to measure the emission line equivalent widths of the composites.
Colour-colour trajectories
As we intend to use the composite atlas as a basis for template-based photometric redshift estimation, it is important that the composites cover much of the colour space spanned by the SDSS galaxies. Fig. 17 and 18 composites for every galaxy class we defined. The trajectories cover the redshift range of 0.0 ≤ z ≤ 0.7, and they nicely overlap with the measured galaxy distributions. This is a good confirmation that the robust averaging algorithm does not introduce any bias into galaxy colours.
It is observable in Fig. 17 that the bluest galaxies (g − r < 0.5) are not covered by the composites of the main galaxy activity classes. The refined classification of starforming galaxies however yields composites of extremely blue colours, as it can be seen in 18.
Emission line measurements
As averaging spectra may have the effect of altering line ratios, we have to verify whether the emission lines of rectangles -star-forming galaxies; diamonds -AGN+Hii galaxies, triangles -LINERs, circles -Seyferts. The different colours denote the different colour classes; black points mark the loci of composites of all galaxies (regardless of their colours) in a given activity class. Colour crosses mark the loci of the star-forming galaxies, according to the refined classification. See the online edition for a colour version of this plot.
the composites are physical or not. Fortunately, in our case the robust averaging algorithm does not alter the line ratios severely, as we will show below. First, emission line equivalent widths are determined by using the best fit continuum model as described in Sec. 5.1. Then, the BPT diagram is plotted for the composites of the star forming, AGN + Hii, LINER and Seyfert galaxies in Fig. 19 . The loci of the composites overlap with the line ratios calculated from the individual galaxy measurements. It is important to mention, however, that the variance in line ratios of galaxies is much larger than what a few composite spectra can characterize.
One interesting feature of Fig. 19 is that Seyferts are located along a well-defined line parametrized by the g−r colour: redder Seyferts tend to have higher [Oiii]/Hβ ratios. This is consistent with the findings of Kewley et al. [32] Figure 17 : Colour-colour diagram of the composites for the SDSS g − r and r − i colour indices between redshifts 0 ≤ z ≤ 0.7. The coloured curves represent the composite spectra of the different colour classes we defined in Sec. 3.1. The black curve represents the composite spectra calculated from galaxies with any colour. Dots along the curves mark redshifts z = 0.0, 0.1, etc. The greyscale map in the background shows the distribution of the extinction corrected photometric colours calculated from the fibre magnitudes of SDSS photo galaxies, which is significantly deeper than the spectro set. the further away they are located from the star-forming line on the BPT diagram. For AGN + Hii galaxies, no similar behaviour is readily visible.
In case of the star-forming galaxies, we also plot the results from the refined colour classification. A clear trend is observable here too: bluer galaxies have higher [Oiii]/Hβ ratios and lower [Nii]/Hα ratios. Bluer star-forming composites (crosses), however, tend to be slightly above the star-forming line of the MPA/JHU results (density plot). The most trivial explanation to this effect is that averaging alters the line ratios and this bias is more significant in case of stronger emission lines.
Emission line equivalent widths of all composites are listed in Tab. 3 -5 and are available on-line.
Continuum indices
We calculate numerous absorption line indices of the composites: Lick indices [44, 45] , BH indices (Brodie & Hanes, see Huchra et al. [27] and DTT indices [19] . Indices characterizing the size of the 4000Å break are from Bruzual G. [12] and Balogh et al. [6] . Absorption indices for all composites are summarized in Tab. 6-8 and are available online.
One widely-used diagram to separate star-forming, starburst and post-starburst galaxies from passive ones based on absorption line features is the plot of the D4000 n -Hδ A plane [29, 30] . As an illustration to the parameter space coverage of our composite atlas, we plot the D4000 n -Hδ A diagram in Fig. 20 and 21 . According to Kauffmann et al. [30] , in this plane, galaxies are located along a straight line: low-mass star-forming galaxies are close to the top left corner of the plot while high-mass passive galaxies are in the bottom right corner. Intermediate-mass galaxies (10 10 ≤ M ⊙ ≤ 10 11.5 ) show some bimodality and populate the two big clumps as well as the line between them. Starburst galaxies are located slightly above the straight line [29] . The composites clearly follow the relationship among colour, Hα and Hδ A : passive red galaxies with no or weak Hα emissions are in the lower right corner, blue star-forming galaxies with strong Hα emissions are in the top left corner of the plots. Most AGNs fall into the intermediate-mass region, only the reddest LINERs overlapping with the clump of the completely passive red galaxies. In terms of recent star-formation activity, the two interesting galaxy classes are passive blue galaxies and blue LINERs. These galaxy classes are likely to contain many post-starburst galaxies as they are slightly above the linear distribution of the majority of galaxies.
Physical parameters from Bayesian analysis
The model fitting method described in Sec. 5.1 is known not to yield correct values for the physical parameters of the stellar populations building up the galaxies, and more sophisticated techniques are required to estimate the age and the metallicity of the galaxies. To estimate the physical parameters of the continua of the composites, we entirely adopt the method described in Sec. 4 of Kauffmann et al. [29] . They used a Bayesian approach to sample the parameter space of the BC03 stellar population synthesis models [13] paying special attention to generate physically plausible star formation histories and constrain other parameters (metallicity, dust content). Based on the stochastic library of star formation histories, they generated a huge library of model spectra. The star formation histories were characterized by a continuous rate starting at t form and decreasing exponentially with the time-scale γ superimposed by random, short-term bursts.
To estimate physical parameters of a single spectrum, models of the library are individually fitted to the composites and from the goodness of these fits a probability of the model parameter set is calculated. This method gives not just a single best-fitting model to the spectrum as the NNLS method described in Sec. 5.1 does, but yields the whole probability distribution of the model parameters and physical properties. As certain physical parameters are very hard to constrain based on optical spectroscopy, it is much better to characterize galaxy spectra with the probability distribution of their parameters instead of a single best-fit model. The distributions of the physical parameters of our composites are determined using the described method and the modes and medians of the distributions are listed in Tab. 9. It is clear from the results that our composites cover a very broad range of stellar population ages, specific star formation rates and mass-to-light ratios. On the other hand, metallicities are weakly constrained and close to solar. For the same parameter measurements of individual SDSS galaxies, see Brinchmann et al. [11] .
Summary
We have presented a comprehensive atlas of composite spectra of SDSS galaxies. The signal-to-noise ratio of the composites can reach as high as S/N ≃ 132 − 4760 at ∆λ = 1Å sampling. We have shown that the volume limited sampling is very important to get physically meaningful composites at very short and very long wavelength. We have argued that our robust averaging method is superior to both traditional averaging and median calculation in terms of computational efficiency and Table 9 : Modes and medians of the probability distributions of the physical parameters of the composites resulting from the Bayesian continuum fitting technique. t form : age of the continuous model component; γ: time-scale parameter of the star formation rate; t M : average age of the stellar population, weighted by the stellar mass; t r : average age of the stellar population, weighted by the r-band magnitude; Z: metallicity; τ V : optical depth of the dust component; SSFR: specific star formation rate; M/L: mass-to-light ratio.
physical interpretation. We have calculated the most important spectral feature indicators of the composites and shown that the parameters of the spectra span almost as wide a range as the spectral parameters of individual galaxies do. This makes the atlas a representative collection of the numerous types of galaxies observed by SDSS.
The composite spectrum atlas is available online at http://www.vo.elte.hu/compositeatlas.
